It is not generally recognized that when a high velocity missile strikes the body and moves through soft tissues, pressures develop which are measured in thousands of atmospheres. Actually, three different types of pressure change appear: (1) shock wave pressures or sharp, high pressure pulses, formed when the missile hits the body surface; (2) very high pressure regions immediately in front and to each side of the moving missile; (3) relatively stow, low pressure changes connected with the behavior of the large explosive temporary cavity, formed behind the missile. Such pressure changes appear to be responsible for what is known to hunters as hydraulic shock--a hydraulic transmission of energy which is believed to cause instant death of animals hit by high velocity bullets (Powell (1)). The magnitude and time relations of these pressures have recently been recorded by the Princeton Biology Group, using tourmaline piezoelectric crystalgauges (Harvey et a/. (2)). The part they play in wounding has also been analyzed (Harvey eta/. (3)).
tank can be photographed at any desired time after it has been initiated by impact on the surface d the water. The potential across the spark was 4,400 volts and the discharge came from condensers of 0.2 microfarad capacity. The point source of light of the spark, lasting a millionth of a second, passing through the tank of water with plexiglas sides, registers on the photographic plate any changes in refractive index in the water resulting from high pressure or other causes.
In Fig~ 1Eis reproduced such a shadowgram of a 6/32 inch steel sphere which has penetrated about 4 cm. below the water surface. The shock wave front is the dark semicircle lying about 8 cm. from the surface, clearly visible because of the change in refractive index of water due to the high pressure of the wave. The cone-shaped cavity behind the sphere, opaque to light, is also apparent, as well as,the splash of water moving upwards, and the shock wave in air connected with the splash. ,, Since tissues are opaque, it is not possible to study the shock waves within the tissue hy the spark shadowgram method. However, by placing pieces of tissue on the surface of Ringer's solution and shooting into the tissue, a spark shadowgram can be obtained of shock waves which move from the tissue to the solution. It is also possible to study the reflection of shock waves from tissues and the transmission of shock waves through tissues by suspending the samples in the solution. With proper timing, a shadowgram will show a shock wave in water which has been both reflected from the tissue and also transmitted through it. The behavior of shock waves in the body can thus be compared with their reflection and transmission by such non-living substances as metal or plastic or gelatin gel.
The missiles used in this study have been mostly 1/~ inch or 3/16 inch steel spheres, weighing respectively 130 nag. and 440 rag. These steel spheres are mounted in cylindrical holders or sabots of wood or bakelite and shot from a smooth bore 30 caliber gun at velocities varying between 2,000 and 4,000 feet per second. The sabot is split down the middle so as to fly apart when the steel sphere moves through the air. The flying halves are then caught by a wooden s~een with a hole in the center through which the sphere moves.
General Properties of Shock Waves in Water
A detailed account of impact shock waves in water was recently published by McMillen (4) and by McMillen and Harvey (5). We shall repeat only the pertinent facts necessary for the understanding of shock wave behavior in tissues, When a missile hits the surface of water a region of high pressure appears. This region of compression then moves away from the surface as a shock wave with approximately the velocity of sound in water---4,800 feet per second. It will be noted that in Fig. 1E the wave has progressed about twice as far as the sphere.
• it can also be observed in Fig. 1E that the tip of the cavity, containing the sphere, shows a cusp of light and is much broader than a 3/16 inch sphere. This is again due to the change of refractive index of water by the high pressure region previously referred to immediately in front of the sphere. In order to make this pressure more apparent, a grid of fine lines 1 ram. apart was placed on the front wall of the tank toward the spark. It will be noted that the shadow of this grid is distorted ahead and to each side of the sphere.
As the shock wave moves through the water its initial pressure falls off inversely as the distance. Thus a 6/32 inch steel sphere which strikes the water with a velocity of 3,000 feet per second produces a moving sphere pressure of 1,449 atmospheres. 1 At 10 cm. from the surface the shock wave pressure is about 80 atmospheres. In Fig. 1 there is reproduced a series of shock wave shadowgrams taken at various times after the sphere has hit the surface and showing how the wave front progresses.
The peak pressure of a shock wave in water can be calculated from the width of the absence-of-light band (dark in the figure) of the shadowgram (McMfllen (4)). It will be noticed from Fig. 1 that this black band becomes increasingly narrower from a point in the path of the bullet as we progress along the wave toward the water surface. Very near the water surface the shock wave disappears entirely.
The experiments of McMillen have indicated that the peak pressure in the shock wave is directly proportional to the projected cross-sectional area of the missile and to the square of its striking velocity. The peak pressure is independent of the density of the missile; it follows that steel spheres and aluminum spheres of the same size give rise to shock waves of equal peak pressure.
A shock wave differs from a sound wave in that it moves faster than sound and also in the fact that its front rises very steeply, so steeply that it has never been measured. The wave pressure then falls off in an approximately logarithmic manner. For example, a tourmaline crystal pressure record of the shock wave from one of the missiles used in this study indicates a half-decay time of about 30 microseconds. In air shock waves, the velocity increases greatly with increase in peak pressure. In water shock waves, velocity increases only 5 per cent above sound wave velocities for a peak pressure of 554 atmospheres. Therefore, for all practical purposes, it is sufficiently accurate to consider the velocity of shock waves in water to be that of sound waves in water.
Refl ection and Transmission
When a wave in water strikes a surface it will be in part reflected and i n part transmitted. While not much is known concerning the conditions for shock wave reflection and transmission, the behavior of sound waves in water is well understood and may serve as a guide for interpretation. One physical charac-teristic of the medium which determines the strength of a reflected and transmitted wave is its acoustical impedance, defined as the product of wave velocity and density of the medium. When the acoustical impedance of an object differs greatly from that of the water, the object will be a good reflector of water waves. Thus steel and air are good reflectors, since steel has an acoustical impedance 31.5 times that of water and air 0.00029 times that of water. On the other hand, soft tissues and gelatin should make poor reflectors since their acoustical impedance nearly equals that of water. Cork is a reflector of intermediate quality; its acoustic impedance is 75 per cent that of water, Plexiglas is also an intermediate reflector, having an acoustical impedance 2.2 times that of water.
It is generally true that waves will pass from an object into water more readily when the object has an acoustical "unpedance near that of water. Thus, it is to be expected that shock waves would pass from soft tissue into water or from tissue to tissue without much ditficulty.
Sound waves are often reflected with a change of phase; i.e., they come off the reflecting object with a low pressure or tension front rather than a high pressure front. This inversion occurs whenever the wave is reflected by an object having a lower acoustical impedance. Thus, waves in water which are reflected from air and cork are inverted. This inversion of a wave in water is revealed by the order of shock wave bands in a spark shadowgram; an inverted wave leads with a light band and is followed by a dark band, as shown in Fig.  1D , where the wave has been reflected from a small rubber air-filled balloon. Very little reflection and inversion of water waves is to be expected from soft tissue but inversion of soft tissue waves should occur whenever they are reflected from gaspockets in the intestines. The actual behavior of shock waves in water when reflected from non-living material has been illustrated by figures in the paper by McMillen and Harvey (5). Steel, brass, plexiglas, cork, and paraffin were studied and the reader is referred to that paper for details of behavior.
Shock Waves in Tissue
With the above simple principles in mind, it is now possible to interpret the observations on shock wave behavior in tissues and biological materials. Since gelatin gel has an acoustical impedance slightly greater than that of water, it is not surprising to find that waves are reflected from a gelatin surface. This is illustrated in Fig. 2B , where a slab of gelatin has been suspended in water and a shock w~ve can be dearly seen reflected from its upper surface. The wave has also been transmitted and appears below the slab of gelatin. It will be observed that the velocity of the wave in the gelatin is approximately the same as the velocity in water, as indicated by the fact that the gelatin-transmitted wave and the wave in water form part of a common arc. It will also be noted that the reflected wave is rather regular and that a special focus of reflection is apparent at the left hand corner of the gelatin slab. The secondary waves that follow the primary wave in water are due to vibration of the steel sphere. The irregular hair-like lines below the slab of gelatin are convection trails due to the fact that the gelatin was a little colder than the water. Increase of refractive index connected with the difference in temperature makes the convection trails stand out very clearly in the spark shadowgram. Fig. 3 shows reflection (B) and transmission (A) from two different slabs of gelatin, one of them immersed in water and hit by a high velocity sphere whose shock wave has moved through the gelatin and out into the water. The reflected wave is not as clear cut as in Fig. 2A , due to the fact that the surface of the gelatin was not as smooth. The transmitted wave is very clear cut and it will be noticed that the corners of the gelatin slab are centers of origin for a secondary wave
Where a large number of surfaces or regions of different density exist, as in tissues, we may expect an initially regular shock wave to be quickly broken up and diffused during reflection and transmission. Such is actually the case. The behavior of tissue is well illustrated in the two shadowgrams of Fig. 4 illustrating reflection (B) and transmission (A) through fresh skinned thighs of cats. In both cases the wave comes from a 1/~ inch steel sphere moving about 3,000 feet per second. The reflection from the thigh muscle is of the characteristic diffuse type and the transmitted wave through thigh muscle is also definitely diffused. Although the sphere has actually penetrated the thigh muscle and can be seen in the water below, the shock waves in water have practically all come from the initial wave formed when the sphere struck the upper surface of the muscle tissue. This diffusion of shock waves in tissue is particularly characteristic and represents the chief difference in the behavior of shock waves in the body as compared with those in pure water. Fig. 5A is a shadowgram of a wave passing through a large piece of beef liver from which some blood was still oozing. The blood trails can be seen underneath the transmitted wave which has suffered in intensity and has been converted into a large number of diffuse wavelets.
In measurements of pressure changes in the abdomen of a cat (Harvey et al. (2)) during the passage of a high Velocity missile, the tourmaline crystal gauge was placed in the stomach. It was therefore important to find out what happeled to shock waves in traversing the wall of the stomach. Accordingly, a section of cat stomach was spread over a wooden frame and mounted in a tank of Ringer's solution, and a spark shadowgram was taken. Fig. 2A illustrates the result from a 6/32 inch steel sphere moving about 3,000 feet per seconds. It will be observed that a rather strong shock wave has penetrated the stomach tissue. A less intense but well mark,d shock wave has also been reflected. It has moved toward the surface of the water, and can be seen just above the sphere. There is again evidence of diffusion and formation of wavelets in the stomach material. This spark photograph agrees with the findings from the tourmaline crystal records that a very decided shock wave can be recorded within the stomach.
Shock Wa~es and Air Pockets in the Body
It was observed during the tourmaline crystal experiments in the cat's stomach that sometimes more than one shock wave was recorded. Fig. 5B illustrates how several shock waves of fairly marked intensity can arise in the body. It is a shadowgram of a 6/32 inch steel sphere striking at about 3,000 feet per second, and penetrating a segment of cat colon containing a large air bubble, suspended in a tank of Ringer's solution. It will be observed that a number of shock waves show very distinctly. One of these, marked a--a, comes from the impact of the missile on the water surface. Another, marked b--b, on the left hand side, has resulted from the primary shock wave, a--a, hitting the colon and being reflected. It will be noted that this wave was inverted and converted into a tension wave since it had been reflected from an air surface. Wave c---c has been formed when the missile passed through the air in the colon and struck the far wall of the colon at C. Wave d---~ has an uncertain origin.
It will be noted that if a crystal for measuring pressure had been placed in the tank at about a 45 ° angle on the right hand side, three shock waves would have traversed it, thereby giving rise in the record to three pressure pulses. Any air pockets in tissue, such as inevitably occur in the intestines, are therefore particularly liable to complicate the shock wave patterns.
Shock Waves and Bone
Bone represents the material of greatest density and acoustical impedance in the body and should give rise to strong reflection of waves. That this is the case will be observed from Fig. 6A , which is a spark shadowgram of a shock wave hitting the exterior surface of part of a water-soaked human skull and being reflected toward the right of the shadowgram. This reflected wave is a pressure wave but when it hits the surface of the water, it is again reflected and it will now be noted that there is a white line ahead of the black band, indicating inversion. Fig. 6A also shows that a skull will transmit shock waves, as illustrated by the pressure pulse underneath the segment of the skull. Fig. 6B shows a skull turned in such a way tlaat the wave had hit the inner surface of the bone and been transmitted through it. There is also indication of reflection from the inner surface of the skull. Fig. 7 is a shadowgram of short lengths of six beef ribs connected together by cord and suspended in the tank to imitate the thoracic cavity. The ribs are viewed in cross-section. When shock waves impinge on the rib bones it will be observed that there is a marked reflection and when the shock wave moves between the row of ribs, a new wavelet appears in the spaces between the ribs.
Elact~ Waves in Bone
It is of interest to inquire whether shock waves arise if a piece of bone is directly hit by a high velocity bullet. Waves produced in this way may be compared to elastic waves in solids. If a piece of steel is hung vertically in the tank of water and the top of the steel is struck with a high velocity sphere, shock waves will move down the plate and also pass out into the water. The angle which these waves make with the plate can be used to determine the relative velocity of the waves in steel and in water.
A similar experiment with a beef femur suspended in the water tank and the head of the femur struck by a 1/~ inch steel sphere moving about 3,000 feet per second has given negative results. Although the splash of material where the sphere struck the femur can be observed in the spark shadowgram and sufficient time had elapsed for a shock wave arising in the bone to move clown into the water region, there was no sign of any wave passing from bone to water. We are therefore led to believe that within bone the wave is attenuated much more rapidly than it is in steel.
SUa~A~Y
The spark shadowgram method of studying shock waves is described. It has been used to investigate the properties of such waves produced by the impact of a high velocity missile on the surface of water
The method can be adapted for study of behavior of shock waves in tissue by placing the tissue on a water surface or immersing it in water. Spark shadowgrams then reveal waves passing from tissue to water or reflected from tissue surfaces.
Reflection and transmission of shock waves from muscle, liver, stomach, and intestinal wall are compared with reflection from non-living surfaces such as gelatin gel, steel, plexiglas, cork, and air. Because of its heterogeneous structure, waves transmitted by tissue are dispersed and appear as a series of wavelets.
When the accoustical impedance (density X wave velocity) of a medium is less than that in which the wave is moving, reflection will occur with inversion of the wave; i.e., a high pressure wave will become a low pressure wave. This inversion occurs at an air surface and is illustrated by shadowgrams of reflection from stomach wall, from a segment of colon filled with gas, and from air-filled rubber balloons Bone (human skull and beef ribs) shows good reflection and some transmission of shock waves.
When steel is directly hit by a missile, clearly visible elastic waves pass from metal to water, but a similar direct hit on bone does not result in elastic waves strong enough to be detected by a spark shadowgram.
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EXPLANATION OF PLATES

PLATE 15
FIG. 1. A series of spark shadowgmms (S 68, S 28, S 31, 05 b, P 125) of ~ inch spheres (except Fig. 1E ) taken at successively longer time intervals after the steel sphere has hit the water surface. Note how the shock wave formed at the surface and moving 4,800 feet per second, leaves the retarded sphere behind. The striking velocity in all slmdowgmms is about 3,000 feet per second, except in Fig. 1C , where it is 1,772 ft./see. In Fig. 1D the wave has struck an air-filled rubber balloon suspended in the w~ter and been reflected as a tension rather than a pressure wave. In Fig. 1E (a inch sphere) the high pressure near the missile is revealed by the distortion which occurs in a 1 ~,m~ grid of fine lines 1 ram. apart placed before the tank of water into which the shot was fired. × 0.52. 
